CNTs/PAN nanofibers were electrospun from PAN-based solution for the preparation of carbon nanofiber composites. The asspun polyacrylonitrile-based nanofibers were hot-stretched by weighing metal in a temperature controlled oven. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used to characterize the morphology of the nanofibers, which indicated that carbon nanotubes were dispersed well in the composites and were completely wrapped by PAN matrix. Because of the strong interfacial interaction between CNTs and PAN, the CNTs/PAN application performance will be enhanced correspondingly, such as the mechanical properties and the electrical conductivity. It was concluded that the hot-stretched CNTs/PAN nanofibers can be used as a potential precursor to produce high-performance carbon composites.
Introduction
Electrospinning provides a straightforward and cost-effective approach to produce fibers from polymer solutions or melts having the diameters ranging from submicrons to nanometers [1] [2] [3] [4] . Various polymers have been successfully electrospun into ultrafine fibers in recent years mostly in solvent solution and some in melt form. Potential applications based on such fibers specifically used as reinforcement in nanocomposites have been realized [5] . PAN is the most widely used precursor for manufacturing high-performance fibers due to its combination of tensile and compressive properties as well as the high carbon yield [6] . Conventional PAN-based carbon fibers typically have diameters ranging from 5 to 10 um [7] . However, the electrospun PAN nanofibers are uniform with the diameters of approximately 300 nm [8, 9] , which is more than 30 times smaller than their conventional counterparts. The high specific surface area of electrospun polymer and carbon nanofibers leads to the enhanced properties in various applications such as electrodes in fuel cells and supercapacitors. In spite of significant improvements in specific surface area of the PAN nanofibers, several drawbacks of polymer nanofibers are still present. For instance, the electrical conductivity of PAN is an order of μS/cm. The microstructures and the related mechanical and/or electrical properties of the electrospun carbon nanofibers are still not clear.
Carbon nanotubes (CNTs) possess several unique mechanical, electronic, and other kinds of characteristics. For instance, single carbon nanotube has a modulus as high as several thousands of GPa and a tensile strength of several tens of GPa [10] . It is found that reinforcement of polymers by CNTs may significantly improve their mechanical properties, thermal stability, electric conductivity, and other functional properties [11] . It has been shown that significant interactions exist between PAN chains and CNTs, which lead to higher orientation of PAN chains during the heating process [12] . These outstanding properties make the polymer nanofibers optimal candidates for many important applications. It is also noted that single-wall carbon nanotube-(SWNT-) reinforced polyimide composite in the form of nanofibrous film was made by electrospinning to explore a potential application for spacecrafts [13] . Carbon nanofibers for composite applications can also be manufactured from precursor polymer nanofibers [14] . Such kind of continuous carbon nanofiber composite also has potential applications as filters for separation of small particles from gas or liquid, supports for high temperature catalysts, heat management materials in aircraft, and semiconductor devices, as well as promising candidates as small electronic devices, rechargeable batteries, and supercapacitors [15] . Fibrous materials used for filter media provide advantages of high filtration effciency and low air resistance [16] . However, before full realization of their high performance, the following two crucial issues have to be solved: (i) dispersion and orientation of CNTs in the nanofiber [17, 18] , good interfacial bonding is required to achieve load transfer across the CNT smatrix interface [19] ; (ii) the macroscopic alignment in the nanofibers [20] and the orientation and crystallinity of polymer chains. Therefore, the manufacturing process and characterization methods for the microstructures and mechanical properties of PAN and PAN-based nanofibers have been studied in this paper.
Experimental
2.1. Materials. PAN used in this study included PAN/methyl acrylate/itaconic acid (93 : 5.3 : 1.7 w/w) (average molecular weight of 100 000 g/moL) which was purchased from UK Courtaulds Ltd. Since N,N-dimethylformamide (DMF) is the common solvent of PAN [3, 5, 8, 13, 14] which can easily evaporate during the electrospinning, so in this study the DMF was selected as solvent. It was purchased from Beijing Chemical Plant Co. To uniformly disperse the CNTs in the organic polymer matrix, the CNTs are modified to form an individually polymer-wrapped structure [17] . These effects caused the wrapped nanotubes to be much more readily suspended in concentrated SWNTs solutions and suspensions, which in turn substantially enabled manipulation of SWNTs into various bulk materials, including films, fibers, solids, and composites [21, 22] . by which the high speed rotating collector could align the nanofibers into the nanofiber sheets.
Formation of Electrospun PAN/SWNTs
The relatively aligned PAN nanofibers and PAN/SWNTs composite nanofibers can be obtained by electrospining with the set-up of a rotating instrument. Thus, for collection of the large area aligned nanofibers, a parallel rotating drum can be adopted. Such as in our study, the 0.16 m perimeter collector rotated at a surface speed about 6.6 m/s, that the high speed rotating collector could align the nanofibers into the nanofiber sheets. Figure 1 showed the schematic diagram of the frame to prepare the aligned nanofibers films with (a) the 16 cm × 12 cm paper frame with the hollow of 16 cm × 4 cm wrapping around (b) the rotating drum and (c) the sheet after electrospinning. And the SEM photographs of different speeds of rotation were shown in Figure 2 , which that indicated the higher rotating speed leads to higher alignment of the nanofibers.
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The SWNTs-based PAN composite solution was prepared as follows: (1) first, a given weight of SWNTs was first dispersed for 2 h in DMF through mild bath sonication, which was followed by the addition of PAN (128.91 mg per milliliter of SWNTs/DMF solution); (2) then, the mixture was mechanically stirred overnight at 40
• C using a magnetic stirrer to yield a homogeneous solution.
During the electrospinning process, however, the whirlpool jet from the pinhead to the collector still made it difficult to get the unidirectional alignment in a large-area sheet [23] and the subsequent hot stretched procedure is particularly useful and is also the key process during the manufacturing of carbon fibers. Also, the electrospun nanofibers needed a subsequent hot-stretch to improve the fiber alignment. The PAN nanofibers and PAN/SWNTs composite nanofibers can be hot-stretched according to the method proposed by Johnson et al. [11, 12] . Both ends of the nanofiber sheet (size of 4 cm width × 10 cm length with 17 μm thickness) can be clamped with the pieces of graphite plates. Then, one end was fixed to the ceiling of the oven and the other end can be weighted by some of metal poise (75 g) to give a desired tension and elongation in the temperature-controlled oven at 135 ± 2
• C for 5 min. The schematic diagram of hot stretching of nanofiber sheet is shown in Figure 2 . The stretching ratio, λ, can be calculated from λ = L/L 0 , where L and L 0 are the lengths of nanofiber sheet after and before the hot stretching, respectively.
Characterization.
Morphological and structural examinations of the CNTs/PAN nanofibers were performed using scanning electron microscopy (SEM, HITACHI S-4700 FEG-SEM) and the transmission electron microscopy (transmission electron microscopy (TEM, HITACHIH-800). The glass transition temperature T g of the PAN nanofiber and PAN/SWNTs nanofiber were examined using differential scanning calorimetry (DSC, METTLER-TOLEDO STARe system). The samples were heated at a scanning rate of 20
• C/min under nitrogen atmosphere in order to diminish oxidation. The value of T g was found by differentiating the heat flow curve with the temperature. Mechanical test was performed by using an LR30K Electromechanical Universal Testing Machine (LLOYD Company). There were eight specimens used for each nanofiber sample where the samples were prepared in 5 mm width and 20 mm length. The tensile speed was 20 mm/min. Electrical conductivities of electrospun PAN/SWNTs nanofiber composites were measured using a ZC43 ultrahigh resistance measuring machine (Shanghai Meter Plant Co., Ltd.) at room temperature and ambient condition. Figure 3 that there is no obvious conglutination in the nanofibers after the introduction of SWNTs, which proved that SWNTs were relatively dispersed well in the composites. And Figure 3(c) showed the hot stretched PAN nanofibers, documenting the better alignment along the sheet axis after the hot stretched process. It can further be found that the alignment of the fibers became closer to parallel after being hot stretched. Also, the average diameters of the original as-spun fibers were significantly reduced from 200 nm to 120 nm after hot stretching. Figure 4 showed the SEM micrographs of PAN/SWNTs nanofibers with different SWNTs concentrations. The pure PAN nanofibers in Figure 4 (a) were straight with a smooth surface and an average diameter of about 200 nm. The nanofibers became straighter, and the average diameter was increased with increasing SWNT concentrations. For instance, in Figure 4 (b) the average diameter was about 300 nm. It was noted that SWNTs embedded in PAN nanofiber were mostly aligned along the nanofiber axis. When the concentration of the SWNTs increased to 1 wt%, the surface of the composite fibers became a litter rough and the average diameter was a little bit smaller than the one of 0.5% wt SWNTs/PAN, which indicated that at high concentration some SWNTs might not be completely embedded into the nanofiber matrix [18] .
Results and Discussion

Morphology and Microstructures of the Electrospun Composites Nanofibers. It can be seen from
In order to demonstrate that the prepared nanofibers do contain some oriented SWNTs, transmission electron microscopy (TEM) can be utilized to view the alignment and orientation of SWNTs within the nanofibers produced. Since the SWNTs possessed a high electron density compared with the PAN polymer matrix, SWNTs appeared as darker tubular structures embedded in the PAN/SWNTs composite nanofibers. It can be seen that the SWNTs are completely wrapped by the PAN matrix. TEM images revealed that in some regions nanotubes oriented well along the fiber axis but the nanotube distribution (number and orientation of the tubes) within a fiber may vary quite significantly ( Figures  5(b) , 5(c), and 5(d)).
The temperature at which the transition in the amorphous regions between the glassy and rubbery state occurs is called the glass transition temperature, which is related directly to the segment movement of polymer chain. The T g of the PAN nanofiber and PAN/SWNTs nanofiber can be examined using differential scanning calorimetry (DSC). Figure 6 (a) showed the DSC curves of PAN and PAN/SWNTs nanofibers. It can be seen that the T g is increased by about 3
• C by incorporating 0.75 wt% SWNTs into the PAN matrix. The improvement in the T g stemmed from a stronger interfacial interaction and possible covalent bonding between PAN and the SWNTs. Figure 6(b) showed the DSC thermograms where the peak of PAN/SWNTs was higher than the one of pure PAN nanofibers. All these results suggested that the mobility of PAN chains is reduced due to the constraint effect of SWNTs [5] .
Application Performance of the Electrospun Composites
Nanofibers. One of the most important applications of engineering fibers such as carbon, glass, and Kevlar fibers was to be used as reinforcements in composites, which required that reinforced nanofibers should have a better mechanical properties [24] . Figure 7 showed the stress-strain curves of the PAN nanofibers and PAN/SWNTs nanofiber composites with different concentrations (hot stretching). It concluded that the introduction of SWNTs improves the modulus and tensile strength of the nanofiber. The tensile strength 128.76 MPa of the nanocomposites at about 0.75% SWNTs by weight was increased with 58.9%. Also the tensile modulus showed a peak value of 4.62 GPa with 66.8% improvement.
The (e) curve in Figure 7 deviated from the trend, which might be the reason of non uniform dispersion of SWNTs in high concentration. The significant improvement in strength and modulus was likely related to the good dispersion and orientation of SWNTs within the polymer matrix and the strong interfacial adhesion due to the SWNTs surface modification [5] . It can be concluded that both hot stretching and the introduction of SWNTs can improve the mechanical Journal of Nanomaterials properties of PAN-based nanofibers significantly. With these reinforcements, the composite materials can provide superior structure properties such as high modulus and strength to weight ratios.
High electrical conductivity was always desired to have high capacitance and high power density in supercapacitors [25] . Conductive nanofibers were expected to be used in the fabrication of tiny electronic devices or machines such as sensors and actuators. The electrical conductivities of electrospun PAN/SWNTs nanofiber composites can also be measured using the ultrahigh resistance measuring machine at room temperature and ambient condition. The electrical conductivities of this nanofiber composites can be obtained according to the following [20] :
where ρ v was volume resistivity, R v was resistance, and t was the thickness of the nanofiber films, respectively.
The electrical conductivity of the pure PAN nanofiber usually was 0.2-0.5 S/cm [21] . Due to the superb electrical properties of SWNTs, a better electrical conductivity in PAN/SWNTs nanofiber composites was expected. There was no much change of the electrical conductivity in the SWNTs concentrations from 0 to 0.5%, but the electrical conductivity of 0.75% concentration was detected suddenly up to 2.5 S/cm. This was because a good electrical conductivity required the percolating network be formed by the SWNTs. Therefore, it can be concluded that the percolating network in composite nanofibers will be formed at the concentration of 0.75 wt.% SWNTs.
Conclusions
In summary, this study showed that polyacrylonitrile-based carbon nanofibers, embedded with wrapped carbon nanotubes, can be obtained by electrospinning process. The composites exhibited improvements in thermal, tensile properties, and so forth. The CNTs/PAN nanofiber sheets with better alignments can be achieved by hot-stretched process.
The morphology of the nanofibers characterized by SEM and TEM showed that carbon nanotubes were completely wrapped by the PAN matrix and oriented well along the fiber axis. Differential scanning calorimetry showed that the glass transition temperature of PAN increased by addition of SWNTs, indicating a strong interfacial interaction between PAN and SWNTs. Compared to pure PAN nanofibers, the mechanical property of the CNTs/PAN nanofibers exhibited quite improvement. For example, the tensile strength of the nanocomposites with 0.75% SWNTs by weight was increased with 58.9%. Incorporation of SWNTs into the nanofibers also increases the electrical conductivity to 2.5 S/cm for PAN/0.75% SWNTs nanofiber composites. Thus, the composite nanofibers with the component of SWNTs can be used as the potential precursor to produce high-performance carbon nanofibers.
